Background: A surgeon's tactile sense can contribute to intraoperative tumor detection, but
tactile sense were compensated, they could detect the tumor through palpation because tumors are generally stiffer than normal tissue. [1] [2] [3] Intraoperative tumor detections might reduce unnecessary resection of normal tissue, and thereby enhance the quality of laparoscopic surgery.
Many research groups have tried to achieve intraoperative tumor detection in minimally invasive surgery such as laparoscopic surgery.
For instance, automated palpation systems have been developed with Gaussian process adaptive sampling, 4 a force modulation strategy abstracted from human manual palpation, 5 machine learning algorithms 6 and simultaneous estimation of stiffness distribution and registration. 7 Although automated palpation can achieve high accuracy and repeatability, the control scheme might be extremely difficult in a surgical situation. Thus, these studies investigated system performances only at a preliminary level, such as using fixed tissue phantoms.
Moreover, master-slave surgical systems with force estimation, 8, 9 a BioTac tactile sensor, 10 strain gauges, 11 and a tactile sensing array 12, 13 have been developed. In these systems, surgeons can adjust slave movements according to the target tissue and conduct tumor detection on the basis of feedback from master consoles. Although surgeons can get benefits such as motion scaling and tremor reduction, the systems tend to be expensive and complex, which impedes their widespread application. Moreover, intuitive manipulation of the master console is important, but hardly any knowledge on how to design such a system exists.
For laparoscopic palpation, a tactile sensor using an optical sensing scheme, 14 a grasper with multiple force-sensing elements, 15 palpation probes with a pressure sensing array, 16 ,17 a wireless sensing capsule 18 and a tactile sensor using a piezoelectric vibrator 19 have been developed. These devices have a long and thin shape like a forceps or a small size like a capsule, which can be grasped by a forceps. Thus, surgeons can directly manipulate these devices in the same way as for laparoscopic instruments. However, these devices have some complexity and they are less cost-effective because of their use of multiple sensing elements. Regarding surgical applications, a simple and lowcost tactile sensor is preferred for using the sensor in a disposable manner. It also should have electrical safety for body tissue and be amenable to sterilization. In palpation systems with direct manipulation, visual feedback such as using a colour map is popular, whereas the use of tactile feedback is less often considered.
We have developed a forceps-type tactile sensor for laparoscopic tumor detection. 20 The sensor has more surgically applicable properties such as having suitable dimensions, electrical safety for body tissue, simple structure, low cost and adaptability to sterilization. Our scenario is that a surgeon directly manipulates the sensor and performs tumor detection based on real-time feedback from the sensor. The sensory feedback for tumor detection also affects the movement in manipulation. In manual palpation, humans use complex modulation strategies of contact force and scanning speed. 5, 21 These studies imply that humans change their motor control appropriately according to the sensory information and the current sensing environment. We attempted to utilize the human sensorimotor ability and introduce adaptable and robust sensing by giving sensory feedback to the surgeon.
An important research question is how the information measured by a tactile sensor should be fed back to the surgeon in such a way that performance and effectiveness improve. 22 In master-slave surgical systems, there are studies to investigate the effectiveness of various means of feedback. For instance, Gwilliam et al. investigated the effects of haptic and visual force feedback on performance in identification of an embedded rigid object and in exploratory movements. 9 Tavakoli et al.
compared visual and force feedback in terms of performance in lump localization, exploration time and energy supplied to the tissue. 11 On the other hand, in palpation systems with a directly manipulated tactile sensor, there are few studies considering the use of tactile feedback whereas visual feedback is popular as mentioned above. To the best of our knowledge, there is no study comparing the effects of various means of feedback on system performance and exploratory movements for palpation systems with direct sensor manipulation.
In this study, we aim to design and evaluate means of feedback from the tactile sensor for laparoscopic tumor detection 
| MATERIALS AND METHODS

| Tactile sensor
We have developed a tactile sensor using acoustic reflection for laparoscopic tumor detection. 20 The sensor uses a long and thin acoustic cavity with a deformable part as a sensing area, a speaker and a microphone. A sinusoidal acoustic wave with a single frequency is continuously inserted into the acoustic cavity. The sensor can detect the magnitude of deformation due to the force applied to the sensing area by measuring the amplitude of the acoustic wave in the cavity. The sensor does not have any electrical elements within the part that is inserted into a patient's body. It has high applicability to laparoscopic surgery because it has suitable dimensions and electrical safety for body tissue. It can also be used in a disposable manner because of its low fabrication costs. Figure 1 shows the tactile sensor for laparoscopic tumor detection. The sensor is composed of a sensor tip having the sensing area, an aluminum tube and a handle in which the speaker and the microphone were embedded. We used a sinusoidal acoustic wave with a frequency of 3065 Hz, which was determined according to results of theoretical analyses 20 and the experimental resonance characteristics of the sensor used. The sampling frequency of the sensor is 1 kHz.
The sensor detects a uniaxial force applied to the sensing area, which is located on the side of the tip. Thus, if the surface of the target tissue
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Sensor tip Aluminum tube Handle (speaker and microphone are embedded) Sensing area FIGURE 1 Forceps-type tactile sensor using acoustic reflection is continuously scanned by the tactile sensor, tumor detection can be conducted on the basis of the temporal change in the sensor output. 
if t>T The tumor has a toroidal shape (details are provided in Section 3.2), and the sensor responds with two small peaks in this case. The typical sensor output was about 0.03 V peak to peak; thus, the height of the peaks was about 4.8 mm on the monitor. The typical distance between the monitor and participants' eye-position was about 1 m.
| Tactile feedback
The body part to which the tactile feedback will be applied is an important factor to consider in the design of a clinical device. Although the finger has better tactile sensitivity than other areas of the body, the necessary sterilization of a tactile display on the finger imposes serious design issues. The foot is a better choice because it is an unclean area of surgeons, and a tactile display for the foot does not need to be sterilized. Schoonmaker et al. attempted vibrotactile feedback to the bottom of the foot according to forces measured at a surgical tool tip for minimally invasive surgery. 23 They showed that the addition of vibrotactile feedback provided better control of force application.
In this study, we developed a tactile display using a voice coil motor for the user's foot. The tactile display was designed to present a normal force to the upper side of the foot (instep) since this area has higher tactile sensitivity to static pressure than other areas. The tactile display presents a force on the basis of the sensor output as shown by the following equation:
where C t = 196.9 N V -1 is the gain of the tactile feedback. If the typical sensor output is obtained as shown in Figure 2 (A) (0.03 V peak to peak), the tactile display presents a force of 5.9 N peak to peak. The gain was determined on the basis of a preliminary experiment so that participants clearly felt the change in force due to the tumor but did not feel pain. If the user appropriately scans the phantom with the tumor, they can feel two sequential peaks in the same way as the visual feedback. The refresh rate of the force presentation is 250 Hz. e t (t) is the sensor output filtered by a bandpass filter with a bandwidth of 0.5-10 Hz. According to Weber's law, 25 a just noticeable difference in a stimulus is proportional to the intensity of the standard stimulus.
If the tactile feedback is linear for the sensor output, the offset force during contact with a phantom brings less sensitivity for small changes in force due to the tumor. Thus, the high-pass portion of the filter acts to reduce the offset of the sensor output.
| PSYCHOPHYSICAL EXPERIMENT
We investigated the effects of the means of feedback on user performance and exploratory movements through a psychophysical experiment. Our scenario in this study is that surgeons preoperatively know the position of the tumor by per-oral endoscopy. Then, the surgeons intraoperatively determine a region of interest based on known information, and they inspect the region with the tactile sensor to determine whether the region includes the tumor or not. Thus, we employed a detection task to assess the fundamental effect of the sensory feedback on discrimination of two types of stimuli with different subsurface features (with/without the tumor). 
| Stimuli
The detection target is a 0-IIc (superficial ulcerative) type tumor, which Thus, we assumed that the phantom on a sponge created a condition similar to that of the actual one.
3.3 | Setup Figure 5 shows the experimental setup. It was composed of a laparoscopic training box (Endowork-Pro II, Kyoto Kagaku Co., Ltd), a 12 mm trocar (Endopath XCEL CB12LT, Ethicon Inc.), a camera, a monitor for displaying the camera image, the tactile sensor, a laptop PC for the visual feedback and the tactile display. The participants stood in front of the training box during the experiment. They were asked to wear headphones playing white noise to avoid hearing sound from the acoustic tactile sensor although the sound was barely audible. All participants wore the same socks prepared for the tactile display.
The participants used their right hand for manipulation of the sensor and always placed their right foot on the base of the tactile display.
They could always see the monitor that presented the camera image regardless of the experimental condition. To avoid visual detection of the tumor, the training box was covered with a black cloth and the camera image was blurred a little by adjusting the focus. A marker (black circle) was attached above the sensing area for easy observation of the sensor position.
The stimuli were placed on a 3-axis force sensor (Gamma SI-32-2.5, ATI Industrial Automation, Inc.), and they were fixed to the inside of the training box to keep their position constant regardless of random stimulus presentation. The position and posture of the sensor were measured by a motion capture system (OptiTrack, NaturalPoint, Inc.) with 6 cameras, which were located above the experimental setup and the participant. A custom-made marker set (4 spherical infrared markers) was fixed to the sensor for rigid-body registration of the sensor. The force exerted and sensor movements were measured at sampling frequencies of 1 kHz and 120 Hz, respectively.
| Experimental design
The To reduce learning effects, each condition was conducted on a different day. Figure 6 shows an example of the experimental procedure for one participant. The interval between conditions was more than 24 hours, and all participants completed the 4 conditions within 3 weeks. The order of the conditions was counterbalanced across the participants. Each experimental day consisted of a practice session and an experiment session.
| Practice session
The participants practiced the sensor manipulation under the corresponding condition. They were asked to memorize the difference in the corresponding feedback when they palpated the stimulus with/ without the tumor using the sensor. They were informed that the tumor was always located at the horizontal center of the phantom, and they were allowed to switch the stimulus with/without the tumor if they wanted. The practice session consisted of the following two parts.
The first practice was conducted outside the training box. The main purpose of the first practice was to become familiar with the characteristics of the tactile sensor. The participants were instructed to laterally and continuously scan the surface of the phantom using the sensor. They were informed that the sensing area is located at the side of the sensor tip, and they were instructed to adjust the longitudinal sensor position if they could not perceive the feedback from the sensor. The time limit of the first practice was 5 minutes. The time limits in the practice session were determined on the basis of a preliminary experiment so that the participants had sufficient time for their practices.
In the second practice, the participants practiced the sensor manipulation inside the training box. The main purpose was to practice the sensor manipulation in the actual experimental situation. The participants could not directly see the stimulus and the sensor movement, and could see only through the camera image. The time limit for the second practice was 10 minutes.
| Experiment session
In the experiment session, a two-alternative-forced-choice procedure was employed. The participants were asked to answer 'yes' (tumor was responses when the tumor is absent) can be calculated. If participants achieve better sensitivity, the hit rate and the false-alarm rate approach 1 and 0, respectively. Here, using either the hit rate or the false-alarm rate as the detection sensitivity is inappropriate because they are contaminated by participant's criterion (willingness to say 'yes'). Thus, applying signal detection theory 27 is one solution by which remove the influence of the criterion, where both the hit rate and the false-alarm rate are considered for calculation of a sensitivity index.
In addition, the detection strategy of participants can be analyzed through curves of the receiver operating characteristic (ROC), which show pairs of (F, H) for different criteria. When the criterion increases or decreases, a point on a ROC curve approaches (0, 0) or (1, 1), respectively. Here, the basic detection theory assumes normal distributions of internal response against repeated presentations of the stimulus, and an entire ROC curve can be estimated from a single pair of (F, H) more than 24 hours within 3 weeks Example of the experimental order. To reduce learning effects, each condition was conducted on a different day, and the order was counterbalanced across all participants (an example is shown in Figure 7 as a black dashed line). However, preliminary analyses revealed that underlying distributions were no longer normal; thus, we tried to plot empirical ROC curves from binary responses and confidence ratings of the participants. There were 2 N (= 200) possible responses (binary answers × the total number of levels on the rating scale) from a participant for each trial. Since confidence ratings indicate participants' criteria, 27 we can derive multiple pairs of (F i , H i ) (i = 1, …, 2 N − 1). The empirical ROC curve can be drawn by plotting and connecting all pairs of (F i , H i ) on the ROC space (an example is shown in Figure 7 as a black solid line). Then, the area under the empirical ROC curve can be used as a sensitivity index without any model assumption. To calculate the area under the ROC curve, the areas under a series of trapezoids were summed up as the sensitivity index A g as follows 28 :
where (F 0 , H 0 ) equals (0, 0), and (F 2N , H 2N ) equals (1, 1). A g ranges from 0 to 1, and the chance level is 0.5.
| Data extraction
We calculated the average normal force and scanning speed during each trial in the experiment sessions. Here, the left-right, front-back and vertical directions of the force sensor were defined as the y-, x-and zaxes, respectively, as shown in Figure 5 . The force along the y-axis was defined as tangential force. The resultant of the forces along the x-and z-axes was defined as normal force. All forces were smoothed by low-pass filters with a cut-off frequency of 10 Hz. We used the tangential force to extract each lateral scanning, and the threshold was set to 10% of the maximum tangential force during each trial because the range of the tangential force varied widely between participants. The motion capture system provided the position and posture of the marker set, which was fixed near the handle of the sensor. The three-dimensional position of the center of the sensing area was calculated from the positional relationship between the sensing area and the marker set. The scanning speed at the center of the sensing area was calculated by using the sampling period (1/120 s). The calculated scanning speed was filtered with a low-pass filter with a cut-off frequency of 5 Hz to reduce numerical noise.
| Statistical test
Effects of the experimental condition on detection performance and the exploratory movements were investigated through statistical tests. If the assumption of the normal distribution was confirmed, Mauchly's sphericity test was conducted to confirm the assumption of homogeneity of variance. Then, a one-way repeated ANOVA was conducted with experimental condition as a factor. If the assumption of homogeneity of variance was violated, Greenhouse-Geisser correction was applied. In the case when a significant result was obtained, post-hoc 6 paired t-tests were conducted with Holm-Bonferroni correction.
4 | RESULTS Figure 8 shows empirical ROC curves for each experimental condition.
| Detection performance
The area under the ROC curve A g was calculated as the detection sensitivity for each participant. Figure 9 shows the detection sensitivity, the confidence in the answer and the response time for all participants.
White, light grey, dark grey and black bars indicate the results for conditions N, V, T and VT, respectively. Statistical tests were conducted to investigate the effect of the condition (and the experimental order) on the detection sensitivity, the confidence rating and the response time. This result shows that the condition did not significantly affect the response time. Figure 11 shows the normal force and the scanning speed for all participants. Statistical tests were conducted to investigate the effect of condition on the exploratory movements. 
| Detection sensitivity
| Response time
| Exploratory movements
| Scanning speed
| INFORMAL TRIALS WITH EXPERT SURGEONS
To assess the practical effectiveness of the feedback of the sensor output in laparoscopic tumor detection, we conducted a few trials with expert surgeons.
Four very experienced laparoscopic surgeons participated voluntarily. The experimental setup was almost the same as that described in Section 3.3, but no visual feedback was offered because surgeons Three out of four expert surgeons could correctly localize the phantom tumor in the first trial. The fourth surgeon firstly pointed out an incorrect position, but could correctly localize the tumor in the second trial. This surgeon commented that s/he mistook the fold of the phantom stomach for the tumor in the first trial. Other surgeons commented that they could find the position of the tumor through the tactile feedback from the sensor. They also commented that for optimal performance, they should become more familiar with the tactile feedback because some specific skills for the sensor manipulation should be acquired.
| DISCUSSION
First, we will discuss the procedure and setup for the psychophysical experiment with novice participants. Figure 10(B) shows that the detection sensitivity did not significantly depend on the experimental order. This validates the experimental design, in which the order was counterbalanced across participants, and time intervals were inserted between the experimental conditions to reduce learning effects.
Regarding the detection sensitivity, the median for the condition N was 0.75 and the exceeded chance level (0.5). This indicates that the participants could utilize the direct haptic information to distinguish the stimuli. Some participants commented that the camera image could also be used as the cue for detection because a small change in the sensor movement or the deformation due to the tumor could be observed. In addition, participants tended to use a larger normal force in condition N as shown in Figure 12 (A), which places higher stress on the tissue. This might indicate that participants tried to increase the intensity of direct haptic information. The stimuli used in the experiment were fixed in the training box whereas the actual stomach wall often shifts according to the applied tangential force. Thus, direct haptic information might be less informative, and the feedback from the sensor output might be more efficient in a real surgical situation.
Regarding the response time, it did not significantly depend on condition. It is possible that an effect of condition did not show up because of the short time limit (30 s).
In the following sections, we will discuss the effects of each type of feedback on the detection sensitivity and the exploratory movements, and their characteristics from the point of view of clinical applications. Moreover, we will finally discuss the practical effectiveness of the sensory feedback from the tactile sensor according to the results of the informal trials with expert surgeons.
| Visual feedback
The experimental results show that visual feedback is sufficient for tumor detection. Visual feedback was the line graph, which offered the time history of the sensor output for 5 seconds. Thus, participants could discriminate the tumor on the basis of the shape of the line graph as shown in Figure 2 . We have hypothesized that the visual channel might be overloaded in condition V because the camera image and the line graph were simultaneously presented on two different monitors. However, the participants did not frequently need to pay attention to the camera image once they learned the appropriate manipulation of the sensor.
Regarding the exploratory movements, the visual feedback has the effect of decreasing the normal force for tumor detection. This is prob- A possible solution to this issue is to superimpose the sensor output information on the camera image. 8 However, this makes the surgical field less visible. In addition, the possibility of overloading the visual channel 29 remains because the surgeons should pay attention to the laparoscopic image in actual surgery. In future work, we will improve the visual feedback to address these issues.
| Tactile feedback
The detection sensitivity showed no significant difference between conditions T and N. There were some possible sources providing confusing tactile feedback to the participants. For instance, the participant could feel a force fluctuation due to the fold of the inside of the stimuli when they used a large normal force. It has also been reported that the benefit of force feedback in a teleoperation system depends on experience in robot-assisted minimally invasive surgery. 30 All participants were novices in laparoscopic surgery, and they could not interpret the tactile feedback accurately. Moreover, some participants who achieved better performance in condition N commented that the tactile feedback somewhat interfered with the direct haptic information from the sensor probe. Thus, the means of tactile feedback should be considered carefully in a laparoscopic palpation system, where users can receive direct haptic information. A possible solution is to optimize the gain for each participant so that the tactile feedback appropriately augments the direct haptic information.
The tactile feedback has the effect of decreasing the scanning speed. A possible reason for the low speed is that the participants tried to recognize the shape of the tumor through tactile feedback. The tumor used in the experiment has a toroidal shape, and the typical sensor output during the scanning has two peaks, as shown in Figure 2 (A).
Regarding tactile performance in temporal discrimination, humans can definitely perceive two sequential stimuli when the interval between them exceeds 100 ms for electrical stimulation. 31 Thus, a low scanning speed might help to perceive two sequential force stimulations due to the tumor. On the other hand, the tactile feedback has no effect on the normal force. This might be because the tactile feedback presented the high-passed sensor output; thus, the participant could not know the quantitative sensor output through the tactile display. In future work, we will continue to improve the means of tactile feedback toward more efficient tumor detection.
The effect of decreasing the scanning speed might bring less risk of accidents such as an undesired collision between the sensor and the tissue. In addition, the tactile display developed in this study is highly applicable to surgical situations because the display was designed for the foot, where sterilization is not necessary. When the surgeons conduct palpation, they have only to insert their foot into the display; thus, the display does not disturb the surgeon during other surgical tasks. However, the surgeon should take off their footwear for this, and this inconvenience remains when they need to move their foot to operate other surgical instruments through foot pedals. When designing an improved version of our tactile display, we will take this aspect of inconvenience into account.
| Combination of visual and tactile feedback
The detection sensitivity showed no significant difference between conditions VT and N. We have hypothesized that the combination of the two types of feedback could achieve the highest detection sensitivity due to maximum likelihood integration. 32 The combination of the visual and tactile feedback has the effect of decreasing both the normal force and the scanning speed. This means that the effects of each type of feedback did not interfere in terms of the exploratory movement. Decreasing both normal force and scanning speed supplies less energy to the tissue, which might produce less damage to it. 11 Thus, if the tactile feedback were improved, better detection with a decreasing effect of normal force and scanning speed could be achieved by utilizing both visual and tactile feedback.
In this study, we revealed that the type of signal processing of the feedback (such as clipping and filtering) as well as the modality affects the exploratory movements in our laparoscopic palpation system. This indicates that the participants reasonably changed their behavior according to the characteristics of the feedback information and modality.
| Practical effectiveness
The results of the informal trials with expert surgeons indicate that the feedback from the tactile sensor might be effective for practical use in laparoscopic surgery. Whereas the surgeons could find the position of the tumor through the tactile feedback from the sensor, they commented that they should become more familiar with the tactile feedback because some specific skills for the sensor manipulation should be acquired. In future work, we will try to seek more effective and even more intuitive ways to provide the feedback.
| CONCLUSION
In this study, we designed and evaluated means of feedback from a tactile sensor for laparoscopic tumor detection. We used a previously developed simple and biocompatible tactile sensor using acoustic reflection. As one type of feedback, a monitor presenting a line graph of the low-pass-filtered sensor output (< 10 Hz) was prepared as visual feedback. As another type of feedback, we developed a tactile display for the upper side of the user's foot. It presents normal force that relates to the high-pass-filtered sensor output (0.5-10 Hz). The tactile display has advantages for surgical applications because the foot is in the unclean area of a surgeon and does not need to be sterilized. Thus, the whole system is highly applicable to clinical situations. We will improve the means of visual and tactile feedback with the aim of providing better and even more intuitive tumor detection with small normal force and low scanning velocity. Moreover, the end goal of our research is intraoperative tumor localization; thus, we will also investigate how the means of feedback affect performance in tumor localization.
